Diarrhoea is one of the world's leading killers of children, and globally, rotavirus is the most common cause of severe diarrhoea among under five children. In Bangladesh, rotavirus kills nearly 6,000 under five children in each year. To reduce the burden of childhood rotavirus diseases, universal rotavirus vaccination is recommended by World Health Organization. The objective of this study is to assess the cost-effectiveness of introducing universal childhood rotavirus vaccination with the newly developed ROTAVAC vaccine in national Expanded Programme of Immunization in Bangladesh. We developed a decision model to examine the potential impact of vaccination in Bangladesh and to examine the effect if the vaccination is applied in the nationwide immunization program schedule. Introduction of childhood universal rotavirus vaccination in Bangladesh scenario appears as highly cost-effective and would offer substantial future benefits for the young population if vaccinated today. The cost per DALY averted of introducing the rotavirus vaccine compared to status quo is approximately US$ 740.27 and US$ 728.67 per DALY averted from the health system and societal perspective respectively which is "very cost-effective" using GDP threshold level according to World Health Organization definition. The results of this analysis seek to contribute to an evidence-based recommendation about the introduction of universal rotavirus vaccination in national Expanded Programme of Immunization (EPI) in Bangladesh. 
Introduction

Health Impact of vaccination
The outcomes presented in Table 1 reflect the projected health outcomes when indirect effects are ignored.
We estimate that introducing rotavirus vaccination will avert approximately 1.8 million rotavirus cases over a two-year period. Once the vaccination program is fully implemented, vaccination is estimated to avert over 50 thousand outpatient admissions, 40 thousand inpatient admissions and 49.46 thousand DALYs averted and more than 2.5 thousand deaths per year.
Cost and healthcare utilization
Our results reveal that within the modelling time horizon, introducing universal vaccination for young population, approximately US$ 5.8 million costs could be saved from health system perspective whereas at least US$ 5.63 million costs were saved by preventing inpatient visits. The costs averted due to vaccination are higher from societal perspective (US$ 7.06 million) due to inclusion of household out-of-pocket cost and including the time costs of their caregivers.
Cost effectiveness estimates
A universal rotavirus vaccination in Bangladesh would cost the public approximately US$ 73.22 million for the under-five population cohort although a number of inpatient admissions and outpatient visits could be averted. The cost per DALY averted of introducing the rotavirus vaccine compared to status quo is US$ 740.27 and US$ 728.27 per DALY averted from the health system and societal perspective respectively. Both incremental cost-effectiveness ratios (ICERs) fall below the 2015-2016 fiscal year gross domestic product (GDP) per capita in Bangladesh (US $ 1,466) which is used as a threshold for determining the costeffectiveness of an intervention. Therefore, these results demonstrate the likely cost-effectiveness of universal childhood rotavirus program in Bangladesh according to WHO criteria (Table 2) . showed that vaccine price, vaccine delivery cost, disease incidence, case fatality rate, vaccine coverage and vaccine efficacy were among the most important parameters that can change the ICER. These results are very conservative because we consider a simple static model and ignore the herd immunity of rotavirus vaccination although other study reported that in long term a significant proportion of the population might be protected against infections. 17 In Figure 1 , on the basis of WHO threshold, from the health system perspective, the rotavirus vaccine was highly cost effective in some of the least favourable scenarios for vaccine introduction, namely low incidence rate, low vaccine coverage, low efficacy, low healthcare utilization costs, low mortality rate and moderate price of vaccine. However, the price of the vaccine is the most influential parameter and our analysis showed that at current scenario, if the price of vaccine was at its highest (e.g. US$ 10 and above per vial i.e. market price range of currently available rotavirus vaccine was US$16 to US$ 25 in Bangladesh), then it appeared as a cost-ineffective option, although up to US$ 9.40, the universal rotavirus vaccination is cost-effective in Bangladesh. Similar results were also observed for societal perspective (the figure is not presented here). This suggests that the model results are robust to changes in the value of all major variables, however, there is a need to ensure that the pricing of the vaccine is appropriate in the Bangladesh context. In figure 2, vaccine price, vaccine delivery related cost, incidence of disease, case fatality rate and vaccine efficacy and duration of vaccine protection are the most influential factors.
Discussion
Several observations emerge from our analysis. The results of this evaluation suggest that universal childhood rotavirus vaccination would be highly cost-effective and would substantially reduce childhood illness and death due to rotavirus vaccination in Bangladesh. The analysis was performed using country level data where possible, and relied on regional estimates of Lower and Middle Income Countries (LMIC) when national data were not available. Due to limited country representative data on the burden of rotavirus in Bangladesh, very limited studies are available and this is the first cost-effectiveness analysis of rotavirus vaccination in Bangladesh. Our analysis showed that introduction of universal rotavirus vaccination would be a highly costeffective investment from the health system (US $ 740.27 per DALY averted) and societal perspective (US $ 728.67 per DALY averted). Even in the lowest scenario the future rotavirus vaccination program will be a cost-effective option for health system and societal perspective although we ignore the indirect effects of the vaccination. These cost-effectiveness ratios could provide a useful initial point for comparing the value for money of investments for rotavirus vaccination against the other rotavirus prevention programs such as water and sanitation interventions.
Results generated from this study are consistent with other results on the cost-effectiveness of universal rotavirus vaccination from previous studies conducted in many LMI countries in worldwide. 6, 18 A study using simulated agent-based model observed that introducing rotavirus vaccination in Indian population is a costeffective option and which will significantly alleviate disease and financial burdens in Indian households. 18 A country-led analysis from Senegal found that cost-effectiveness of rotavirus vaccination was US$ 92 and US$ 73 per DALY averted from the health system and societal perspective which is approximately 10 times lower than country context gross domestic product. 6 In Kenya, the cost effectiveness ratio per DALYs averted ranged between US$ 142 to US$ 288 from the societal perspective which is 15 times lower than its GDP per capita. 19 Our results showed a cost per DALY averted relatively higher than the above studies and approximately 2 times lower than GDP per capita in Bangladesh. The short time horizon (2 years) we used compared to the above studies is likely a reason for higher cost-effectiveness ratio per DALYs averted.
Another reason is that we used the lower case fatality and incidence rate as those data comes from the estimation of rotavirus related hospitalization. Our estimation indicated that by introducing rotavirus vaccination we can prevent approximately 2500 deaths although this underestimates the real burden of rotavirus disease, as the community occurring rotavirus was not captured due to limited data. In a review study, it was observed that in LMI countries in Asia the cost per DALY averted lay between US$ 22 to US$ 2,007 due to rotavirus vaccination, however, the price of the vial ranged between US$ 1 to US$ 30. 20 This study finds that that if the price of the ROTAVAC vaccine is 2.6 and 9.4 times higher than the current price of a vial (US$ 1), the vaccination program still a 'very cost-effective' and 'cost-effective' option. The conclusion from these findings is that the universal childhood rotavirus vaccination program remains costeffective even at the higher price of vaccine, which is encouraging for those countries which are no longer GAVI subsidized. In Vietnam, a universal rotavirus vaccination study found that if the price per vaccine is US$ 7.26 or less then the immunization program was the cost-effective from a societal perspective. 15 In
Uzbekistan, the universal rotavirus vaccination would be cost effective with the price ranges up to US$ 2, however case fatality and vaccine efficacy are the most influential parameters which made the intervention cost-effective as our study also demonstrated. 21 Our uncertainty analysis showed ( Figure 1) shows that from the health system perspective the future vaccination will be cost-effective even at the higher price of vaccine (up to US$ 9.4). The societal cost per DALYs averted was in line with these results (figure was not presented here). We did not consider the indirect effects from averted transmission, and considered the young population which has no own indirect costs like income loss and opportunity costs which might affect the cost-effectiveness ratio. Our results
showed that the cost per case and death averted were US$ 405 and US $ 14,596 from the health system perspective whereas US$ 399 and US$ 14,368 from the societal perspective. Like our study, a national rotavirus study conducted in Brazil from the health system perspective found that the cost per DALY and per life saved were US$ 643 and US$ 21,643 respectively. 22 In Thailand, from a health system perspective the cost per life saved was US$ 11,800 which is lower than Bangladesh scenario. These studies used relatively longer time horizon (5 years) compared to our study, and generally for a longer time horizon the intervention becomes increasingly cost effective at reducing the incidence of the particular disease. 17 Our uncertainty analysis ( Figure 2 ) indicated that the cost per case and death averted ranged between US$ 210 vs US$ 2,544
and US$ 1,058 vs US$ 91,578 for the higher and lower estimation respectively.
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In the last few decades, vaccines with a wide price range have been developed targeting rotavirus disease.
Hence, cost-effectiveness analysis (CEA) study is important to inform decisions about which vaccines to introduce into EPI schedules. 23 A systematic literature review concludes that CEA is an important decisionmaking tool for vaccine introduction although country-specific reliable and high quality of data is crucial for such analysis. 24 However, due to lack of technical capacities and empirical data, sometimes, LMIC decisionsmakers depend on the previous cost-effective evaluation studies conducted in different countries. 25 Further, national decision-makers are always interested to investigate whether the new vaccine delivery is affordable and sustainable in the long term for their country. Most of the vaccination studies preferred to estimate the cost-effectiveness results using DALYs although the limitation of such analysis are well known. [26] [27] [28] In the averted with aim to the decision making process. However, this model has been criticised as being based on average cost-effectiveness ratio instead of incremental cost-effectiveness ratios. 31 The pros and cons of the model reported elsewhere. 30 Our study, like most others, uses the GDP thresholds level proposed by WHO. The GDP threshold might be a useful screening tool but should not be the only consideration for vaccination investment as there are other issues such as feasibility, affordability, alternative interventions and other local consideration which are not accounted for in the threshold level decision rule. The success of vaccination programs depends on many other factors such as human resources and cold chain and logistics management (as maintaining vaccine at optimum temperature have become more complex due to nature of the vial). Further, effective and efficient vaccine delivery is also required to improve the equity of service. However, in resource-poor countries, decision-making processes need to take both of the technical and political consideration. 32 Many studies highlighted the importance of political factors in introducing the new vaccine in a country [33] [34] [35] and 'political rationality' was even more important for decision-making process than 'technical rationality. 36 Again, analysis using this GDP threshold may not reflect the true opportunity costs of other available interventions and thus it does not represent true value and affordability for a specific country. 37, 38 Further, there is weak theoretical justification for the cut-off levels for cost-effectiveness analysis and the non-health benefit of policy are ignored. 39 Thus local threshold levels might be suitable as a cost-effectiveness reference level which will be based on social values, budget availability and willingness to pay within the target country. 31 Again, many studies argued that cost-effectiveness analysis alone cannot capture the broader impact of vaccination. 20, [40] [41] [42] However, we take the view that as Jauregui et al. concluded, economic tools such as costbenefit analysis and cost-effectiveness analysis (although imperfect) have the potential to strengthen the use of evidence concerning new vaccine introduction of a country. 43 And policymakers often need to understand the allocation of public expenditure for vaccination programs compared to other sectors such as water and sanitation investment, and the use of cost-effectiveness thresholds provides a useful perspective on this issue. 44 To inform policy makers in resource-poor settings like Bangladesh, our study demonstrated the introduction of universal rotavirus vaccines in routine childhood immunization would be a good investment with respect to health care and costs. A number of similar studies conducted in other LMICs demonstrated the childhood rotavirus vaccination is highly cost-effective and appeared 'good value of money' from the public perspective. However, those studies used various assumptions, a wide range of epidemiological, clinical, and economic parameters and also used different model and so the findings may not be directly comparable introducing with the other vaccines). Again, cost-effectiveness results are highly dependent on input parameter, especially mortality, vaccine price and efficacy-related information. Hence, reliable estimates on childhood mortality, diseases outcome and cost estimation are important so that a standardized comparisons of cost-effectiveness across a range of health interventions could be made.
Although our analysis concludes that the future rotavirus vaccination would be highly cost-effective, there are some limitations in this study as we made several assumptions which could affect the cost-effectiveness ratio.
For example, uncertainty with the respect of rotavirus incidence rate, mortality, price and efficacy of vaccine.
Furthermore, this analysis did not consider dynamics or the herd protection effects, although rotavirus vaccination protects a substantial part of the young and adult population. Further, in certain endemic regions, it was observed that incorporating the herd protection made the vaccination program cost-effective which was not previously. 52 Again, we did not explore other rotavirus vaccines available in market which might be add depth to our study. However, sensitivity analysis showed that, despite these uncertainties, the universal childhood rotavirus vaccination will be cost-effective from the health system and societal perspective. The study based on a simple static model using the direct effect of childhood universal rotavirus vaccination has helped to contribute the knowledge generation of future rotavirus vaccination program in Bangladesh as the government of Bangladesh is committed to introducing rotavirus vaccination program in national EPI schedule. 53 In addition, it has helped to highlight important gaps of country representative data, especially the lack of good quality information on rotavirus incidence and mortality and the economic burden of rotavirus illness.
Conclusion
Introducing of childhood rotavirus vaccination in Bangladesh scenario is estimated to be highly cost-effective and would offer substantial future benefits for young population vaccinated today. Other technical, programmatic, political priority, and social issues need to be considered in the process of making the decisions on the introduction of rotavirus vaccine in Bangladesh. The results of this analysis seek to contribute to an evidence-based recommendation about the implementation of rotavirus vaccination.
Methods
Model
We developed a decision model using Microsoft ® Excel spreadsheet to examine the potential impact of lowcost universal oral rotavirus vaccination in Bangladesh and to examine the effect if the vaccination is applied in the nationwide immunization program schedule. We estimate the economic and health burden due to rotavirus disease and the cost-effectiveness of rotavirus vaccination in Bangladesh from the health system and societal perspective. Principal model parameters are described in Table 2 Medicine. 55 For the health system perspective we included the costs of medical care related to rotavirus illness and the cost of vaccination program; whereas in the societal perspective both direct medical (e.g. medicine, diagnostic), direct non-medical cost (e.g. transportation, lodging) and indirect, cost (e.g. income loss) were included, however intangible costs, like pain and discomfort were excluded from the estimation. In the current analysis, the costs averted by vaccination were subtracted from the costs invested in vaccination, and they then were divided by the number of Disability-Adjusted Life Year (DALYs) or the number of deaths and cases averted due to introducing childhood rotavirus vaccination. All future costs and benefits were discounted at a rate of 3% annually. 56 For reporting the cost-effectiveness scenario we used the common costeffectiveness threshold level proposed by the World Health Organization: an intervention is considered costeffective if cost per DALYs averted is less than three times of the national annual per capita GDP, whereas the costs less than the GDP per capita is considered highly cost-effective. 57 It was observed that, Disabilityadjusted life year (DALYs) is the preferred choice for measuring outcomes in lower and middle-income countries rather than other methods. 11 The concept of DALYs was used to quantify the disease burden incorporating life lost due to premature death and the time spent in unhealthy states. 58 The DALY is a time based measure which combines years of life lost (YLL) due to premature mortality and the years of healthy life lost to living in a state of less than perfect health (years lost to disability or YLD) in country specific context. 59 Therefore, DALY is the summation of YLL+YLD and 1 DALY can be considered as equivalent to one lost year of healthy life. Using DALYs, it is possible to measure the gap between current health status and an ideal situation, where everyone lives according to their life expectancy without disease and disability, 18 however, the detailed philosophical and methodological aspect of the DALY calculation have been described elsewhere. 58, 60 Like earlier studies, 52, 61 to estimate the DALY avoided due to rotavirus vaccination we applied the four equations (1-4) as described below: In the above equations, Eff t is the effectiveness of the rotavirus vaccine in year t, Cover is the percentage of under five children that would be vaccinated if the vaccine were provided for free, CFR, I and N are the case fatality rate, incidence of rotavirus illness and number of under five children, Length is average duration of illness (i.e. number of days sick with rotavirus), DW is the disability weight, LE is the life expectancy and Durr is the duration of the vaccine effectiveness.
Incidence and case fatality rate
The epidemiological data comes from different studies conducted in this setting. The high burden of all diarrheal diseases, including rotavirus, was observed in the impoverished part of the population like urban slums and poor regions of the country. 62 The population-based incidence of hospitalization for rotavirus diarrhoea by age and year varied from 10.8 to 19.6/1000 children less than 5 years old in Bangladesh 63 and the case fatality rate of rotavirus diseases is still unknown. An earlier hospital-based study conducted in urban Bangladesh and estimated that the childhood mortality attributable to rotavirus was 2 to 3%, however, the analysis was based on the 2% sample of the diarrheal cases of the admitted person in that hospital, which might underestimate the true burden. 64 Further, the above hospital is prepared to handle the rotavirus and other diarrheal cases, hence case fatality rate will be lower than the national. However, recently, a nationally representative study conclude that approximately 23% under five children did not seek any of the treatment during childhood diarrhoea. 65 In the similar context, a nationally representative survey conducted in India found that overall under five mortality rate from rotavirus-associated gastroenteritis ranged from 0.03 up to 4.14 per 1000 live births depending on the socio-demographic region of the country.
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DALY weights
In this analysis, we used the DALY weights of 0.12 for rotavirus related illness as there is no published DALY weight specifics to rotavirus disease and this value was used for previous rotavirus study. 58 This weight will be used to measure the pain, suffering and discomfort associated with rotavirus diseases, but the short duration means that the morbidity associated with the rotavirus had relatively a little effects on cost- effectiveness results. 52 The sensitivity ranges goes from 0.12 to 0.281 like earlier study to observe the possible effects of the universal rotavirus vaccination.
Rotavirus vaccine, cost and efficacy
Currently, there are two rotavirus vaccine RotaTeq® (RV5-3 dose) and Rotarix® (RV1 dose) that have been licensed in many countries. 1 These vaccines have an efficacy of 85-98%, which is already shown to reduced all-cause hospitalizations by 42 to 59%. 67, 68 In the international private market, the price for RotaTeq® (3 dose) and Rotarix® (2 dose) per course is approximately $226 and $213 respectively which is relatively higher that the $192 and $184 paid for the same vaccines by the Vaccines for Children Program. 69, 70 However, in GAVI-eligible countries the subsidized price ranges between US $0.30-$0.60, which is a major concern for policy-makers for those countries that "graduate" for GAVI-eligibility and have to purchase vaccine through some other mechanism. It was observed that both of the RV1 and RV5 have similar efficacy against severe rotavirus gastroenteritis in countries where a high diversity of strains co-circulate, suggesting an important role for heterotypic protective immunity. 1 However, the protective effectiveness of these vaccines is not the same in all regions of the world as the effectiveness is high in developed countries but decreases substantially in low and middle income countries.
71-74
The Expanded Program on Immunization (EPI) in Bangladesh is one of the successful programs in health sector which started with six conventional vaccines against six vaccine-preventable diseases and introduced 56.3% and in second year of life was 48.9% of the severe rotavirus gastroenteritis which is encouraging for resource poor setting like Bangladesh. 16 ROTAVAC is currently licensed only in India and planned to make the vaccine available in the public market at a price of US$ 1 per dose. 75 However, to introduce ROTAVAC in an immunization program, additionally a vaccine delivery related cost will be incurred from the implementer's perspective. Vaccine delivery costs are associated with vaccination campaign, cold chain and waste management, training and staffing as well as social mobilization for the particular vaccine. Vaccines and other logistics (including vaccine carrier and stationaries) need to transport from centre's cold store to field site during the vaccination campaign which are key component of delivery costs. As per the earlier study, we assume that the cost of vaccine delivery process will be US$ 0.835 per dose per individual. 76 In this analysis we estimated the cost-effectiveness using ROTAVAC vaccine with a protection up to 2 years. For simplicity of the model we ignored the indirect effect of rotavirus vaccination, although it was observed that pediatric rotavirus vaccination protects young and adults from rotavirus disease will, providing added value to the immunization program. 77 In this sense our results understate the degree of benefit and the cost effectiveness of the vaccine. However, modelling studies of Pitzer and colleagues predicted that the rotavirus vaccine would not provide long-term indirect protection in the population as a whole, and also observed that displacement of mortality to older individuals is not significant.
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Coverage of the vaccine
The Expanded Program on Immunization (EPI) is the highest priority in Bangladesh and it is recommended that children complete the schedule of immunizations during their first year of life. The current coverage rate of all vaccines is quite impressive; currently the coverage of BCG, pentavalent vaccine (3-doses) and polio vaccine (3-doses) is above 91% according to the latest survey. 79 To assess the efficacy of ROTAVAC vaccine a randomized placebo controlled trial study was conducted in India. The trial found that at least 96% of subjects received all three doses of the vaccine although it would be lower in real life universal vaccination program. 16 However, the same vaccination coverage rate also observed in a pentavalent rotavirus vaccination trial in rural Bangladesh. 74 Recently a large oral cholera vaccine trial was conducted in urban Bangladesh where the migration rate is higher than the other parts of the country and found that the two dose vaccine coverage was at least 65% of that area. 80 In this analysis we assumed that the rotavirus vaccination will be similar to moderated coverage like the cholera vaccination coverage. However, higher migration implies greater transmission and thus possibly there might be a larger role played by herd immunity. In this model like earlier studies we used the vaccine coverage from 40% to 96% for uncertainty analysis ( Table 2) .
Costs of illness due to childhood rotavirus
Rotavirus infection is a significant cause of childhood hospitalization and approximately 65% hospitalized children were exposed to rotavirus. 81 Recently, a study showed that, approximately 44% of the diarrheal patients received inpatients care and remaining patients utilized the out-patient services. 82 In addition to substantial morbidity, there is growing evidence of the economic burden for households and for providers created by rotavirus. In Bangladesh, a recent study showed that the average cost of rotavirus illness was approximately US$ 84, including both direct and indirect costs. 83 In public facilities the treatment costs were shared between public and households level while in private facilities, households bear all the treatment costs.
A study conducted in a similar region showed the average inpatients and outpatients treatment cost of rotavirus illness was US$ 74.26 and US$ 3.88 respectively. 18, 49 However, it was also found that approximately 85% and 45% of the total cost of illness was incurred by the hospital for treating the rotavirus inpatients and outpatients respectively.
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Sensitivity analysis
We conducted one-way sensitivity analyses where we varied the value of each input according to other published and unpublished values in order to ascertain the impact of uncertainty in input values on the costeffectiveness ratio. In scenario analyses, the cost-effectiveness ratios were estimated using the low or the high values of selected parameters, and compared with the base-case scenario i.e. no-vaccination strategy. 
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